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Abstract: We investigate the resummation effects for the SM Higgs and vector
boson associated production at the LHC with a jet veto in soft-collinear effective
theory using “collinear anomalous” formalism. We calculate the jet vetoed invariant
mass distribution and the cross section for this process at Next-to-Next-to-Leading-
Logarithmic level, which are matched to the QCD Next-to-Leading Order results,
and compare the differences of the resummation effects with different jet veto pvetoT
and jet radius R. Our results show that both resummation enhancement effects and
the scale uncertainties decrease with the increasing of jet veto pvetoT and jet radius
R, respectively. When pvetoT = 25 GeV and R = 0.4 (0.5), the resummation effects
reduce the scale uncertainties of the Next-to-Leading Order jet vetoed cross sections
to about 7% (6%), which lead to increased confidence on the theoretical predictions.
Besides, after including resummation effects, the PDF uncertainties of jet vetoed
cross section are about 7%.
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1 INTRODUCTION
Recently, both the ATLAS [1] and CMS [2] collaborations at the CERN Large Hadron
Collider (LHC) have found a Standard Model (SM) Higgs boson particle with a mass
around 125 GeV mainly through gluon-gluon fusion channel. However, by means of
modern jet substructure methods, the associated production of Higgs boson H and
vector boson V (V = Z,W±) is also an important process to study the Higgs boson
at the LHC.
The efforts of obtaining accurate theoretical predictions for HV associated pro-
duction at the hadron colliders have been for a long time. The Next-to-Leading-Order
(NLO) QCD and Electro-Weak (EW) corrections have been performed in Refs. [3–7].
Besides, the QCD Next-to-Next-to-Leading-Order (NNLO) corrections of the total
inclusive cross section for HV associated production were calculated in Refs. [8–
10]. The corresponding numerical results have been implemented in numerical code
VH@NNLO [11], which is now available on the website. Recently, in Ref. [12] the
NNLO QCD corrections of exclusive cross section for HW± associated production
were completed based on the transverse momentum substraction formalism[13]. And
the effects of NLO QCD corrections to both HW± associated production and sub-
sequent decay of H → bb¯ were investigated in Ref. [14]. However, the completely
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NNLO QCD corrections for both HV associated production and subsequent decay
of H → bb¯ are still absent so far.
The process for Higgs boson production involve a number of jets associated ra-
diation at hadron colliders. The Standard Model (SM) backgrounds process produce
the similar signature with additional energetic jets. For example, the HW± associ-
ated production with Higgs decaying to bb¯ has large QCD backgrounds at hadron
colliders. When leptonic decay modes of W± is considered, the semi-leptonic decays
of tt¯ can become a significant irreducible background. Due to the fact that the SM
top quark pair production has more hard jets from decay of top quark than the
HW± process, a jet veto can be used to suppress tt¯ background [15]. Thus, a veto
on the additional undesired jets pjetT < p
veto
T is needed to distinguish the signal and
background process, and improve the significance of HW± production.
Due to the presence of the jet veto pvetoT , a small energy scale p
veto
T is introduced
into the physical process, which is about 20 ∼ 30GeV. Therefore there exist large log-
arithmic terms lnn pvetoT /Q in the perturbative calculations at the all order where Q
denotes the hard scale in the process, and these large logarithms need be resummed
for improving the accuracy of the theoretical predictions. By means of parton show-
ers, the Leading-Logarithmic (LL) predictions on the cross section with a jet veto
are available [16, 17]. Besides, the event shape variables of beam thrust, N−jettiness
and ET =
∑ |~pT | are used to implement a jet veto on additional emissions [18–23].
In the last year the jet veto efficiency in Higgs boson and Drell-Yan production at
the hadron collider at the NLL level has been investigated with the CAESAR ap-
proach [24] in Ref. [25]. After that the all order factorization formula for single
Higgs boson production with a jet veto pvetoT have been firstly derived at the leading
power of λ = pvetoT /mH with the soft-collinear effective theory (SCET)[26–28] based
on “collinear anomaly” formalism [29], and the large double logarithmic terms have
been resummed to NNLL order in Ref. [30]. Then in Ref. [31], the results of Ref. [24]
combining the Drell-Yan like boson transverse momentum resummations [29, 32–34]
are used to obtain NNLL resummed jet veto efficiencies for Higgs boson and Drell-
Yan production at hadron colliders. Very recently, the N2LL′+NNLO predictions on
the jet veto cross section for single Higgs boson production have been investigated in
Ref. [35, 36]. In Ref. [35] the anomaly coefficient dveto2 (R) was firstly calculated using
the SCET and the two loop low energy matrix elements are extracted numerically.
The main theoretical approximation comes from the lack of the anomaly coefficient
dveto3 (R) and the four loop cusp anomalous dimension. And in Ref. [36] the “rapidity
renormalization group” formalism [37, 38] are used, where the NNLO soft function
and the NNLO beam function are partly derived. The remaining contributions are
numerically extracted. The main approximation also comes from unknown higher-
order anomalous dimensions.
In this paper we investigate the resummation effects inHV associated production
at the hadron collider with a jet veto using SCET based on the “collinear anomaly”
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formalism. We firstly calculate the Higgs and vector boson invariant mass distribu-
tion and the total cross section with a jet veto at the NNLL level, which are matched
to the QCD NLO results. Nevertheless, the jet veto efficiency for HV associated pro-
duction have be approximated studied in Ref. [15], where the jet veto cross section
is defined as
σ(pT,HV ) =
∫ pT,HV
0
dpT,HV
dσ
dpT,HV
. (1.1)
Here pT,HV is the transverse momentum of HV and dσ/dpT,HV is NLL+NLO HV
transverse momentum distribution. However the logarithmic terms at small pT,HV
are different from those induced by jet veto pvetoT at the NNLL level, so those studies
in Ref. [15] only give a qualitative analysis.
The arrangement of this paper is as follows. In Sec. 2 we derive the factorization
formula forHV associated production with a jet veto at the hadron collider. In Sec. 3
we calculate the hard and beam matching coefficients at the NLO, and present Renor-
malization Group (RG) improved differential cross section analytically. In Sec. 4 we
discuss the numerical results of cross section and the invariant mass distribution with
a jet veto. We conclude in Sec. 5.
2 FACTORIZATION IN SCET
In this section we describe the derivation of factorization for HV associated pro-
duction with a jet veto in SCET based on the “collinear anomaly” formalism. In
Ref. [15] the threshold resummation of the total cross section and invariant mass
distribution for HV associated production in SCET has been investigated. However,
the resummation for HV associated production with a jet veto discussed in this pa-
per is genuinely different from threshold resummation. We consider the process of
stable Higgs and vector boson associated production,
N1(P1) +N2(P2)→ H(p3) + V (p4) +X ′(pX), (2.1)
where X ′ is the final hadronic state passing jet veto pvetoT . In the Born approximation
HV associated production is mainly induced by quark anti-quark annihilation,
q(p1) + q¯(p2)→ H(p3) + V (p4), (2.2)
where p1 = x1P1 and p2 = x2P2. We define the kinematic invariants,
s = (P1 + P2)
2, sˆ = (p1 + p2)
2, M2 = (p3 + p4)
2. (2.3)
In the presence of a jet veto pvetoT , the kinematic region we are interested in is
sˆ,M2, m2H , m
2
V ≫ (pvetoT )2 ≫ Λ2QCD. (2.4)
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It is convenient to introduce two light-like reference vectors n = (1, 0, 0, 1) and n¯ =
(1, 0, 0,−1) along the beam axis and any four vector can be decomposed as
pµ = n · pn¯
µ
2
+ n¯ · pn
µ
2
+ pµ⊥ ≡ pµ+ + pµ− + pµ⊥. (2.5)
Hence momentum pµ can be denoted by pµ = (p+, p−, p⊥). Different momentum
modes relevant to our discussions are collinear mode pµn ∼M(λ2, 1, λ), anti-collinear
mode pµn¯ ∼ M(1, λ2, λ) and soft mode pµs ∼ M(λ, λ, λ). Here λ = pvetoT /M is treated
as a small expansion parameter. In order to handle these momentum regions, SCET
is a very useful framework, which is very suitable to deal with the scattering processes
with multiple scales.
For the Drell-Yan like process the chiral current operator for initial quark and
anti-quark can be written as
Jµ = gVL q¯iγ
µPLqj + g
V
R q¯iγ
µPRqj (2.6)
where the i, j subscripts represent the flavors of quark and the couplings gVL(R) for W
and Z boson are separately
• gWL = Vij√2Sw , g
W
R = 0,
• gZL =
I3
f
−S2wQf
SwCw
δij , g
Z
R = − SwCwQfδij ,
where Vij is the CKM matrix, I
3
f is the third component of isospin and Qf is the
electric charge for quark. Here Sw = sin θw and Cw = cos θW , where θW is Weinberg
angle. At the leading power of λ, the chiral current operators are matched onto
SCET operators as
Jµ → CV (−q2 − iǫ, µ2)
(
gVL χ¯n¯S
†
n¯γ
µPLSnχn + g
V
R χ¯n¯S
†
n¯γ
µPRSnχn
)
. (2.7)
Here CV is the hard matching coefficient and χ¯n(n¯) are the gauge invariant combina-
tions of (anti-)collinear quark fields and Wilson lines in SCET. The soft degrees of
freedom are contained in the soft Wilson lines Sn(n¯).
In order to define the jets at the hadron collider, the sequential recombination
jet algorithms are used [39]. The longitudinal boost invariant distance measures dij
and di B are defined by
dij = min(p
n
T i, p
n
T j)∆Rij/R, ∆Rij =
√
(yi − yj)2 + (φi − φ2j), (2.8)
di B = p
n
T i, (2.9)
where R is the jet radius parameter. Here n = −1, 0 and 1 represent the inclusive
anti-kT [40, 41], Cambridge-Aachen [42, 43] and kT [44] jet algorithms, respectively.
As is shown in Ref. [30], the different momentum modes (collinear, anti-collinear and
soft) can not be grouped into the same jet after performing jet algorithms as long as
jet radius parameter satisfies
λ≪ R≪ lnλ, (2.10)
where R ∼ O(1) is assumed. Therefore the jet veto can be applied in collinear, anti-
collinear and soft region, respectively. After factorizing the contributions from hard,
collinear, anti-collinear, and soft degrees of freedom in the SCET, we can obtain the
factorized differential cross section for the rapidity Y and the invariant mass M of
Higgs and vector boson at the leading power of λ
dσ(pvetoT )
dM2dY
=
σ0
s
H(M2, µ2)Bnq/N1(ζ1, pvetoT , µ)Bn¯q¯/N2(ζ2, pvetoT , µ)S(pvetoT , µ)
+ ( q ↔ q¯ ), (2.11)
were ζ1, 2 = (M/
√
s)e±Y and σ0 is the LO total cross section, and it is defined as
σ0 =
G2FS
4
wm
4
W
36πM2
g2V V H(g
2
L + g
2
R)Λ
1/2(m2V , m
2
H ,M
2)
Λ(m2V , m
2
H ,M
2) + 12m2V /M
2
(1−m2V /M2)2
,
(2.12)
with
Λ(x, y, z) = (1− x/z − y/z)2 − 4xy/z2. (2.13)
Here mV is the mass of vector boson, GF is Fermi constant, gV V H is the coupling
between Higgs and vector boson, gWWH = 1/Sw and gZZH = 1/(SwCw). In the
Eq. (2.11), the hard function H is the absolute value squared of the hard matching
coefficient H(M2, µ2) = |CV (−M2 − iǫ, µ2)|2, and the collinear matrix elements Bnq/N
correspond to the PDFs, which are defined as [35]
Bnq/N (z, pvetoT , µ) =
∫
dt
2π
e−iztn¯·p
∑∫
Xn,reg
Mveto(pvetoT , R, {pn})
×〈N(p)|χ¯n(tn¯)|Xn〉〈Xn|χn(0)|N(p)〉. (2.14)
Here the summation over the collinear states Xn is constrained by the jet veto, and
the corresponding constraints are included in the function Mveto, which depends on
the collinear momentums {pn}. Similarly, the soft function is defined in terms of the
vacuum matrix element of the product for the soft Wilson lines constrained by the
jet veto as [35]
S(pvetoT , µ) =
1
Nc
∑∫
Xs,reg
Mveto(pvetoT , R, {ps})〈0|[S†nSn¯](0)|Xs〉〈Xs|[S†n¯Sn](0)|0〉.
(2.15)
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The definitions of the (anti-)collinear and soft functions involve light-cone singulari-
ties which are not regularized by dimensional regularization. These divergences can
be regularized in various ways[29, 37, 45, 46], and the product of the (anti-)collinear
and soft functions are free from the light-cone singularities. However, anomalous
dependence on the hard scale M remains, which was called “collinear anomaly” [29].
3 HARD FUNCTION AND BEAM FUNCTION
3.1 Hard function
The hard matching coefficient CV (−M2, µ2h) (here and below the negative arguments
are understood with a −iǫ prescription) can be obtained by matching the two quark
operators in the full theory onto the operator in SCET, where the infrared divergences
are subtracted in the MS scheme. The two loop results for the CV (−M2, µ2h) have
been available in Ref. [47]. Up to NLO, it can be written as
CV (−M2, µ2h) = 1 +
CFαs(µ
2
h)
4π
(
−L2H + 3LH − 8 +
π2
6
)
, (3.1)
where LH = ln(−M2/µ2h). The RG equation for CV (−M2, µ2) is governed by the
anomalous-dimension, the structure of which has been predicted up to four-loop level
for the case of massless partons [48]. The CV (−M2, µ2) satisfies the RG equation
d
d lnµ
CV (−M2, µ2) =
[
ΓFcusp(αs) ln
−M2
µ2
+ γV (αs)
]
CV (−M2, µ2), (3.2)
where ΓFcusp(αs) is the cusp anomalous dimension, while γ
V (αs) controls the single-
logarithmic evolution. After solving the RG equation, we have the hard matching
coefficient
CV (−M2, µ2f) =
exp
[
2S(µ2h, µ
2
f)− aΓ(µ2h, µ2f) ln
−M2
µ2h
− aγV (µ2h, µ2f)
]
CV (−M2, µ2h), (3.3)
where S(ν2, µ2) and aΓ(ν
2, µ2) are defined as
S(ν2, µ2) = −
∫ αs(µ2)
αs(ν2)
dα
ΓFcusp(α)
β(α)
∫ α
αs(ν2)
dα′
β(α′)
, (3.4)
aΓ(ν
2, µ2) = −
∫ αs(µ2)
αs(ν2)
dα
ΓFcusp(α)
β(α)
. (3.5)
aγV has a similar expression. Finally, the hard function is given by
H(M2, µ2f) =
∣∣CV (−M2, µ2f)∣∣2 . (3.6)
Up to NNLL level, we need three loop cusp anomalous dimension and two loop normal
anomalous dimension, and their explicit expressions are collected in the Appendices
of Ref. [47].
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3.2 Beam function
In Ref. [18] a first study on the factorization theorem with beam function is per-
formed. At hadron colliders if there exists experimental restrictions, which introduce
a new kinematic scale on the hadronic final states, then the factorization does not
yield standard PDFs for the initial states. Thus beam function is necessary to prop-
erly describe the jets from initial states.
The collinear matrix element Bnq/N (z, pvetoT , µ) defined in Eq.(2.14) are intrinsically
non-perturbative objects. In the limit pvetoT ≫ ΛQCD, they can be matched onto the
standard Parton Distribution Functions (PDFs) via [30]
Bnq/N (ζ, pvetoT , µ) =
∑
i=g,q,q¯
∫ 1
ζ
dz
z
Iq←i(z, pvetoT , µ)fi/N(ζ/z, µ), (3.7)
where the beam function Iq←i(z, pvetoT , µ) can be calculated up to QCD NLO and we
collect those results in Appendix A for the convenience. The product of initial state
beam functions can be factorized as[Iq←i(z1, pvetoT , µf)Iq¯←j(z2, pvetoT , µf)]q2=M2 =(
M
pvetoT
)−2Fqq¯(pvetoT , µf )
Iq←i(z1, p
veto
T , µf)Iq¯←j(z2, p
veto
T , µf),
(3.8)
where the anomalous dependence on M is factorized out and is controlled by the
function Fqq¯, while the function Iq←i is independent on the hard scale M . The RG
equation for Fqq¯ can be written as
d
d lnµ
Fqq¯(p
veto
T , µ) = 2Γ
F
cusp(αs). (3.9)
After solving this RG equation, we can obtain Fqq¯ up to two loop as
Fqq¯(p
veto
T , µf) = as
[
ΓF0 L⊥ + d
veto
1 (R)
]
+ a2s
[
ΓF0β0
L2⊥
2
+ ΓF1L⊥ + d
veto
2 (R)
]
,
(3.10)
where the anomaly coefficient dvetoi (R) can be extracted from fixed order calculations
of beam function. In order to cancel large logarithms dependence in function Iq←i,
the double logarithmic terms in the Iq←i functions are exponentiated via
Iq←i(z, p
veto
T , µf) = e
−hF (pvetoT , µf )Iq←i(z, p
veto
T , µf), (3.11)
where the RG equation for hF can be written as
d
d lnµ
hF (p
veto
T , µ) = 2Γ
F
cusp(αs) ln
µ
pvetoT
− 2γq(αs). (3.12)
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Here γq is the anomalous dimension of collinear quark field. The solution of this RG
equation for hF is given by
hF (p
veto
T , µf) = as
(
ΓF0
L2⊥
4
− γq0L⊥
)
, (3.13)
where the normalization condition of hF (p
veto
T , p
veto
T ) ≡ 0 is chosen. Now, the RG
equation for the matching function Iq←i(z, pvetoT , µf) can be written as
d
d lnµ
Iq←i(z, p
veto
T , µ) = −
∑
j
∫ 1
z
dζ
ζ
Iq←j(ζ, p
veto
T , µ)Pj←i(z/ζ, αs). (3.14)
Here Pj←i are the DGLAP splitting functions. Obviously, the new functions Iq←j
evolve exactly following the DGLAP equations with an opposite sign. Solving the
RG equation (3.14), up to the NLO, we have
Iq←i(z, p
veto
T , µf) = δ(1− z)δqi + as
[
−P(1)q←i(z)
L⊥
2
+Rq←i(z)
]
. (3.15)
Here we define as ≡ αs/(4π), L⊥ ≡ 2 ln(µf/pvetoT ). After calculating complete one
loop function Iq←i(z, pvetoT , µ) , we have
dveto1 (R) = 0, (3.16)
Rq←q(z) = CF
[
2(1− z)− π
2
6
δ(1− z)
]
, (3.17)
Rq←g(z) = 4TF z(1 − z). (3.18)
The two loop coefficient dveto2 (R) expanded as small R has been analytically calculated
in Ref. [35], and it has the form
dveto2 = d
q
2 − 8ΓF0 f(R), (3.19)
where dq2 is the corresponding coefficient in the small transverse momentum resum-
mation for Drell-Yan process and is given by
d q2 = Γ
F
0
[(
202
27
− 7ζ3
)
CA − 56
27
TFnf
]
, (3.20)
and the function f(R) can also be numerically extracted from Ref. [24, 31], which
agrees well with the analytical expression in Ref. [35], which is
f(R) = −(1.09626CA + 0.1768nfTF ) lnR + (0.6072CA − 0.0308TFnf)
+(0.2639CA − 0.8225CF + 0.02207TFnf)R2
−(0.0226CA − 0.0625CF + 0.0004TFnf)R4 + · · · . (3.21)
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3.3 RG improved cross section
Based on the regularization scheme in Ref. [45], the soft function S(pvetoT , µ) ≡ 1 to all
order because the integrals of soft function are scaleless in the high order perturbative
calculations. Therefore, after integrating the the rapidity variable Y , we finally have
the resummed cross section
dσ(pvetoT )
dM2
=
σ0
s
H(M, pvetoT )
∫ 1
τ
dz
z
II ij(z, p
veto
T , µf)ffij
(τ
z
, µf
)
. (3.22)
where we have defined the RG invariant hard function as
H(M, pvetoT ) = H(M2, µ2f)
(
M
pvetoT
)−2Fqq¯(pvetoT , µf )
e2hF (p
veto
T
, µf ), (3.23)
and the convolutions of Iq←i and PDF are given by
II ij(z, p
veto
T , µf) =
∫ 1
z
du
u
Iq←i(u, p
veto
T , µf)I q¯←j(z/u, p
veto
T , µf) + (q ↔ q¯), (3.24)
and
ffij (y, µf) =
∫ 1
y
dx
x
fi(x, µf)fj
( τ
xz
, µf
)
. (3.25)
respectively. Here (ij) = (qq¯), (qg) and (gq¯). In order to give precise predictions,
we resum the leading singular terms to all orders and include the nonsingular terms,
which are suppressed by powers of λ, up to NLO. Finally, we obtain the RG improved
differential cross section as
dσNLO+NNLL(pvetoT )
dM2
=
dσNNLL(pvetoT )
dM2
+
[
dσNLO
dM2
− dσ
NNLL(pvetoT )
dM2
]
expand to NLO
.
(3.26)
In this paper our main goal is to derive the factorization expressions and perform
the resummation calculations for HV production with a jet veto. The numerical
results of the differential NNLO QCD predictions for HW± are shown in Ref. [12],
but their numerical code has not been published. Repeating the complete numerical
NNLO QCD calculations is beyond the scope of the this paper. Therefore, we will
only include the QCD NLO results in this paper.
The EW gauge boson pair W+W− production with a jet veto at the LHC is a
main SM background for the jet veto Higgs boson production channel gg → H →
W+W−, and thus it is also significant to perform the resummation calculations for
W+W− production with a jet veto. Our results can be easily extended to W+W−
production with a jet veto, and the only differences come from LO cross section and
the scale independent terms in the hard functions, which are collected in Refs. [49–
51].
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Figure 1. Comparisons of the leading singular and the exact NLO jet vetoed cross sections
for HW+ (left panel) and HZ (right panel) production at the LHC with
√
S = 14 TeV,
respectively.
4 NUMERICAL RESULTS
In this section, we discuss the numerical results for the HV associated production
at the LHC. We choose the following SM input parameters [52]
GF = 1.166379× 10−5 GeV−2, mH = 125 GeV, mZ = 91.1876 GeV,
mW = 80.398 GeV, (4.1)
and the CKM matrix is given by [52]
VCKM =

 0.9751 0.2215 0.00350.2210 0.9743 0.0410
0 0 1

 . (4.2)
Throughout the numerical calculations, we use the MSTW2008 PDF sets and associ-
ated strong coupling constant αs. In order to resum all logarithmic terms ln p
veto
T /µf
to all orders, we choose the factorization scale to be µf = p
veto
T [47]. Besides, the
hard matching scale are set as µ2h = −M2 in order to contain the π2-enhancement
effects [53].
4.1 Leading singular jet vetoed cross section
For verifying the correctness of the factorization formula in Eq. (3.22), we expand the
Eq. (3.22) to the leading singular terms (black solid line), and compare with the exact
NLO results (red dot) calculated by modified Monte Carlo program MCFM [54] in
Fig. 1. We can see that the leading singular terms of the cross section with jet veto
can reproduce the exact NLO jet vetoed cross section in the small pvetoT region. With
the increasing of pvetoT , the difference between the leading singular and the exact NLO
jet veto cross section increases.
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4.2 Scale uncertainties
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Figure 2. The RG invariant hard function H(M,pvetoT ) for three different jet radius pa-
rameter R, where the bands reflect the scale uncertainties, and M = 300 GeV.
In Fig. 2 we show the scale dependence of RG invariant hard functionH(M, pvetoT )
on pvetoT for three different parameters R, where the bands reflect the scale uncertain-
ties by varying the scales in the range pvetoT /2 < µf < 2p
veto
T andM
2/4 < −µ2h < 4M2,
respectively. In the resummation predictions these two kinds of uncertainties are
added in quadrature. From Fig. 2 we can see that the NLL predictions are indepen-
dent on the jet radius parameter R, while the NNLL predictions strongly depend on
R. Besides, the NLL and NNLL bands overlap each other, and the scale uncertainties
of NNLL results increase as R decreases. When R = 0.8, the scale uncertainties are
significantly reduced from NLL level to NNLL level. And when R = 0.2, the scale
uncertainties are reduced only for large pvetoT , and the NNLL and NLL bands overlap
only for large pvetoT too. In the small p
veto
T region the NNLL bands are broader than
the NLL ones, and they are away from each other with the decreasing of pvetoT .
In addition to the hard and factorization scale, another scale uncertainty coming
from logarithms with collinear anomaly has also been discussed in Ref. [35], and it is
shown that this uncertainty should not be included in “collinear anomalous” formal-
ism, although this type scale variation can be formalized in an RG framework [37, 38].
Therefore, we apply the same scheme in Ref. [35], and also do not consider this kind
of uncertainties in our calculations.
At the NNLL level the dependence of the RG invariant hard function H(M, pvetoT )
on the jet radius parameter R is caused from the two loop anomaly coefficient
dveto2 (R). The R dependence term has the form as
exp
[
0.54
dveto2 (R)
dq2
α2s(µ) ln
M
pvetoT
]
, (4.3)
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Figure 3. Dependence of the coefficient dveto2 (R) on the jet radius parameter R, normalized
to dq2.
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Figure 4. The NLL (green bands) and NNLL (red bands) resummed invariant mass
distributions forHW± (left panel) andHZ (right panel) associated production with pvetoT =
20 GeV and R = 0.4 at the LHC with
√
S = 14 TeV, where the bands reflect the scale
uncertainties.
where αs(µ) includes the remaining scale dependence. In order to estimate the scale
uncertainties induced by Eq. (4.3) at the NNLL level, we show the dependence for the
ratio between the coefficient dveto2 (R) and d
q
2 on the jet radius parameter R in Fig. 3.
With the increasing of the jet radius parameter R from 0.2 to 0.8, the coefficient
dveto2 (R)/d
q
2 rapidly decrease about from 9 to 3 due to the existence of logarithmic
terms lnR in Eq. (3.21). Therefore, as shown in Fig. 2, the remaining scale de-
pendence of RG invariant hard function H(M, pvetoT ) increases as the parameter R
decreases.
In Fig. 4 we present NLL (green bands) and NNLL (red bands) resummed
– 12 –
predictions on the invariant mass distribution for HV associated production with
pvetoT = 30 GeV and R = 0.4 at the LHC with
√
S = 14 TeV, where the bands reflect
the scale uncertainties. We use MSTW2008NLO and MSTW2008NNLO PDF sets
for the NLL and NNLL results, respectively. After performing resummation, the
theoretical perturbative convergence is well behaved, and the scale uncertainties are
reduced from NLL level to NNLL level for all the invariant mass region.
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Figure 5. The NLL (green bands) and NNLL (red bands) resummed jet veto cross section
for HV associated production at the LHC with
√
S = 14 TeV for three different jet radius
parameter R = 0.2, 0.4 and 0.8, where the bands reflect the scale uncertainties.
In Fig. 5, we show the scale dependence of the NLL (green bands) and NNLL
(red bands) resummed jet veto cross section on pvetoT at the LHC with
√
S = 14 TeV
for three different parameters R = 0.2, 0.4 and 0.8, where the bands reflect the
scale uncertainties. In the case of HW± production, the resummed jet veto cross
section at the NLL level is independent on the radius parameter R, and the scale
uncertainties are about 13%. Similar to the case of RG invariant hard function, with
the decreasing of the parameter R, the scale uncertainties of NNLL results increase.
When R = 0.8, 0.4 and 0.2, the scale uncertainties at the NNLL level are reduced to
– 13 –
2%, 5% and 8% for pvetoT = 35, and 7%, 10% and 17% for p
veto
T = 10 GeV, respectively.
Obviously, the scale uncertainties are reduced when R = 0.8. Besides, in the large
pvetoT region the scale uncertainties are also reduced and the NNLL and NLL bands
also overlap when R = 0.2 and 0.4. However, in the small pvetoT region the NNLL
uncertainties are larger than the NLL ones, and NNLL and NLL bands are away
from each other. The origin of these R dependence is also caused from Eq. (4.3).
4.3 RG improved phenomenology predictions at the LHC
HV associated production is an important process to study the Higgs boson at the
LHC. Both of two decay modes, h → bb¯ and h → W+W− have been searched by
the ALTAS [55, 56] and CMS [57, 58] collaborations, respectively. The results from
ATLAS show that no significant excess is observed over the SM expectations, with
or without a mH = 125 GeV Higgs boson. And the results from CMS show that a
small excess above the SM background expectation is found. Since there does not
exit enough HV events produced at the LHC, the corresponding jet veto studies can
not be completed. With the increasing of the luminosity, HV production will be
more important to study the property of the SM Higgs boson, and the studies about
jet veto for this process will also be attracted more attentions from experimentalists.
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Figure 6. The NLO and NLO+NNLL predictions for HV associated production invariant
mass distribution with pvetoT = 20 GeV and R = 0.4 at the LHC with
√
S = 14 TeV, where
the bands reflect the scale uncertainties.
In Fig. 6 we present the NLO+NNLL and NLO jet vetoed invariant mass dis-
tribution for HV associated production at the LHC with
√
S = 14 TeV, where
pvetoT = 20 GeV and R = 0.4 are chosen. The bands represent the scale uncertain-
ties. We present the NLO results in two benchmark schemes, µf ∼ M (red bands)
and µf ∼ pvetoT (green bands), respectively. Compared to NLO+NNLL results (black
bands), for µf ∼ M the NLO predictions are similar to the NLO+NNLL ones, but
– 14 –
suffer from large scale uncertainties in all the invariant mass region. However, when
µf ∼ pvetoT , the NLO predictions have large scale uncertainties only in the large in-
variant mass region, but underestimate the theoretical prediction in all the invariant
mass region.
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Figure 7. The NLO+NNLL predictions for HV associated production cross section with
a jet veto at the 14 TeV LHC for R = 0.2, 0.4 and 0.8, where the bands reflect the scale
uncertainties.
After performing the integration over the invariant mass, we can get the jet
vetoed cross sections. In Fig. 7 we present the NLO+NNLL jet vetoed cross section
at the 14 TeV LHC for R = 0.2, 0.4 and 0.8, where the bands reflect the scale
uncertainties. It is shown that the NLO+NNLL predictions strongly depend on the
jet radius parameter R. With the increasing of R value, the NLO+NNLL predictions
decrease and the scale uncertainties reduce.
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Figure 8. The NLO and NLO+NNLL predictions for jet vetoed cross section at the
14 TeV LHC, where the bands reflect the scale uncertainties.
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In Fig. 8, we present the NLO and NLO+NNLL predictions for jet vetoed cross
section at the 14 TeV LHC, where the bands reflect the scale uncertainties. In the
NLO+NNLL predictions the jet radius parameters R are chosen as R = 0.4 (blue
bands) and 0.5 (black bands), respectively. Besides, the NLO results are presented
in two benchmark schemes, µf ∼ M (red bands) and µf ∼ pvetoT (green bands),
respectively. Obviously, the NLO results suffer from much larger scale uncertainties
than the NLO+NNLL predictions in the small pvetoT region. Especially, when µf ∼
pvetoT is chosen, the NLO predictions break down in the small p
veto
T region, while after
including resummation effects the theoretical convergence are well behaved.
R = 0.4 R = 0.5
pvetoT [GeV] 20 25 30 20 25 30
σHW [pb] 0.92 1.03 1.10 0.90 1.00 1.08
Scale [%] +5.1− 3.7 +4.3− 3.2 +3.5− 2.8 +4.1− 3.1 +3.5− 2.7 +2.8− 2.3
PDF [%] +4.0− 3.6 +3.9− 3.5 +3.8− 3.4 +4.0− 3.6 +3.9− 3.5 +3.8− 3.4
σHZ [pb] 0.498 0.554 0.598 0.484 0.541 0.585
Scale [%] +5.5− 3.9 +4.3− 3.4 +3.6− 2.9 +4.5− 3.3 +3.5− 2.9 +2.9− 2.5
PDF [%] +4.0− 3.5 +3.9− 3.3 +3.8− 3.3 +4.0− 3.5 +3.9− 3.3 +3.8− 3.3
Table 1. The jet vetoed cross section at the 13 TeV LHC with jet radius parameter
R = 0.4 and 0.5, respectively.
R = 0.4 R = 0.5
pvetoT [GeV] 20 25 30 20 25 30
σHW [pb] 1.00 1.12 1.20 0.98 1.08 1.17
Scale [%] +5.3− 3.6 +4.4− 3.0 +3.5− 2.8 +4.3− 3.0 +3.6− 2.5 +2.9− 2.4
PDF [%] +3.9− 3.5 +3.9− 3.5 +3.8− 3.4 +3.9− 3.5 +3.9− 3.5 +3.8− 3.4
σHZ [pb] 0.537 0.604 0.653 0.522 0.591 0.640
Scale [%] +6.3− 2.9 +4.0− 3.2 +3.4− 2.9 +5.3− 2.3 +3.2− 2.7 +2.8− 2.5
PDF [%] +4.0− 3.4 +3.8− 3.3 +3.7− 3.2 +4.0− 3.4 +3.8− 3.3 +3.7− 3.2
Table 2. The jet vetoed cross section at the 14 TeV LHC with jet radius parameter
R = 0.4 and 0.5, respectively.
In Tab. 1 and Tab. 2 we list the NLO+NNLL jet vetoed cross section at the
LHC with
√
S = 13 and 14 TeV, respectively. Here, besides scale uncertainties are
taken into account, to estimate the PDF uncertainties, we use the MSTW2008 90%
C.L. PDF sets [59], which are known to provide very close results to the PDF4LHC
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working group recommendation for the envelop prescription [60]. Tab. 1 and Tab. 2
show that the scale and PDF uncertainties are almost same order. Moreover, with
the increasing of the pvetoT and R, the scale uncertainties decrease, while the PDF
uncertainties almost do not change.
5 Conclusion
We have studied the resummation effects for the HV associated production at the
LHC with a jet veto in SCET using “collinear anomalous” formalism. We calculate
the jet vetoed invariant mass distribution and the cross section for this process at
Next-to-Next-to-Leading-Logarithmic level, which are matched to the QCD Next-to-
Leading Order results, and compare the differences of the resummation effects with
different jet veto pvetoT and jet radius R. Our results show that both resummation
enhancement effects and the scale uncertainties decrease with the increasing of jet
veto pvetoT and jet radius R, respectively. When p
veto
T = 25 GeV and R = 0.4 (0.5),
the resummation effects reduce the scale uncertainties of the Next-to-Leading Order
jet vetoed cross sections to about 7% (6%), which lead to increased confidence on
the theoretical predictions. Besides, after including resummation effects, the PDF
uncertainties of jet vetoed cross section are about 7%. Our results can help to
precisely study the physical property of the SM Higgs boson through Higgs and
vector boson associated production at the LHC in the future.
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A Calculation of beam functions
Figure 9. Feynman diagrams contribution to the NLO beam function Iq←q.
In this appendix we show the details of calculating the beam functions. At the
NLO, the beam functions receive the contributions from the diagrams shown in Fig. 9
– 17 –
and we have the sum of these diagrams,
I (1),bareq←q (z, pvetoT , µ) = g2sCFµ2ǫ
∫
dDk
(2π)D−1
( ν
k+
)α
δ(k2)θ(k0)δ(k− − (1− z)p−)
× θ(pvetoT − kT )
k−
k2T
[
(D − 2)(1− z) + 4z
1− z
]
, (A.1)
where we have suppressed the MS factor (eγE/4π)ǫ and the analytic regularization
method of Ref. [45] is used. The integration measure can be written as
dDkδ(k2)θ(k0)δ(k− − (1− z)p−)θ(pvetoT − kT ) =
1
2p−
1
1− z
2π1/2−ǫ
Γ(1/2− ǫ)
∫ pvetoT
0
dkTdθk
1−2ǫ
T sin
−2ǫ θ. (A.2)
Thus, we have bare Iq←q up to NLO,
Ibareq←q(z, pvetoT , µ) = δ(1− z)−
CFαs
2π
{
δ(1− z)
(
− 2
ǫ2
+ L2⊥ +
π2
6
)
+
(
1
ǫ
+ L⊥
)[(
2
α
− 2 ln µ
2
νp−1
)
δ(1− z) + 2
(1− z)+ − z − 1
]
− (1− z)
}
.
(A.3)
Similarly, the bare Iq¯←q¯ is given by
Ibareq¯←q¯(z, pvetoT , µ) = δ(1− z)−
CFαs
2π
{(
1
ǫ
+ L⊥
)[(
− 2
α
− 2 ln ν
p+2
)
δ(1− z)
+
2
(1− z)+ − z − 1
]
− (1− z)
}
. (A.4)
The product of two beam functions is independent on the regulator α and well defined
in the general dimensional regularization.
Figure 10. Feynman diagram contributions to the NLO beam function Iq←g.
The evaluation of the beam function Iq←g is independent on the regulator α, and
the corresponding Feynman diagram is shown in Fig. 10. After performing analytical
calculation, we have
Ibareq¯←g(z, pvetoT , µ) = −
TFαs
2π
{(
1
ǫ
+ L⊥
)[
z2 + (1− z)2]− 2z(1− z)} . (A.5)
By means of Eq.(A.4) and (A.5), after MS subtraction we can exact the coefficients
dveto1 (R), Rq←q(z) and Rq←g(z), directly.
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